Hantaviruses can cause hemorrhagic fever with a renal syndrome and hantavirus pulmonary syndrome when transmitted to humans. The nucleocapsid protein of hantaviruses encapsidates viral genomic RNA and associates with transcription and replication complexes. Both the amino and carboxy termini of the nucleocapsid protein had been predicted to form trimers prior to the formation of the ribonucleoprotein. Crystal structures of amino-terminal fragments of the nucleocapsid protein showed the formation of intramolecular antiparallel coiled coils, but not intermolecular trimers. Thus, the amino-terminal part of the nucleocapsid protein is probably insufficient to initiate the trimerization of the full-length molecule.
Introduction
The term hantavirus encompasses any of the more than 20 distinct agents within the genus Hantavirus in the family Bunyaviridae. About half of the known members of the genus Hantavirus are pathogenic in rodents and humans. Hantaviruses of the Old World can cause hemorrhagic fever, whereas hantaviruses of the New World can cause pulmonary syndromes (HPS). 1 The major causative agent of HPS in North America is the Sin Nombre virus (SNV) carried by the deer mouse, Peromyscus maniculatus.
All members of the viral family Bunyaviridae consist of enveloped spherical particles with a helical nucleocapsid and use a genome consisting of three negative-stranded or ambisense RNAs (Figure 1 ). The three negative-sense RNA segments of the hantaviruses are designated L (large; about 6500 nucleotides (nt)), M (middle; about 3600 to 3700 nt), and S (small; 1700 to 2100 nt). The proteins that they encode are an RNA-dependent RNA polymerase from the L segment (L proteins); a glycoprotein precursor that is processed into two transmembrane glycoproteins (Gn and Gc) from the M segment; and a nucleocapsid (N) protein from the S segment. Hantaviral particles have a lipid envelope formed by a membrane derived from the host cell and Gn-Gc heterodimers. Within the envelope, the three genomic segments and the nucleocapsid form three separate, filamentous, 2.5 nm wide ribonucleoproteins. 2 Like nucleoproteins of many negative-strand RNA viruses, hantaviral N protein is a multifunctional molecule involved in various interactions during the life cycle of the virus. It has essential functions in viral RNA replication, encapsidation, and also in virus assembly. 3 Trimerization of the N protein [4] [5] [6] is a crucial step in these processes 3 and was found to play a role in the discrimination between viral and non-viral RNA. 7 The N protein of hantaviruses contains from 428 (as in SNV) to 433 amino acid residues and has a molecular mass of approximately 50 kDa. A comparison of the amino acid sequences of hantavirus N proteins shows that there are three conserved domains separated by two more variable regions between residues 50 to 80 and 230 to 310. Residues 175 and 217 in the central RNA binding domain of Hantaan virus nucleocapsid 8, 9 have high affinity for viral RNAs.
Using two-hybrid analyses, the hantavirus homotypic interactions were mapped to the aminoterminal 4,10 and the carboxy-terminal 10,11 regions. A three-dimensional reconstruction from electron microscopy images of recombinant N protein showed that it assembled into trimers in which individual N proteins form a curved structure. 12 Structure prediction algorithms suggested that N Present address: S.P. Boudko, Research Department, Shriners Hospital for Children, 3101 SW Sam Jackson Park Road, Portland, OR 97239, USA.
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E-mail address of the corresponding author: mr@purdue.edu protein residues 3-75 form two coiled-coil segments separated by an intervening kink or turn sequence. 5 The properties of three chemically synthesized peptides covering residues 3-35, 43-75, and 3-75 have been examined. Peptide 3-35 assembled into trimeric coiled coils at high concentrations and low temperature, whereas peptide 43-75 trimerized efficiently at low concentration, implying that it carries a coiled-coil trigger sequence. However, the longer peptide, 3-75, assembled into dimers and/or trimers at high concentration, although at low concentration it appeared to adopt an intramolecular antiparallel coiled-coil configuration. Based on these results, a 3D structure prediction of an antiparallel coiled-coil domain spanning residues 1 to 77 of the N protein of Tula hantavirus was done very recently. 13 Here, we report the first atomic resolution structure of a Bunyavirus protein. The structure shows that trimerization of the N protein is not initiated by its amino-terminal region.
Results

Design and production of recombinant proteins
A set of truncated SNV mutants, 1-75, 1-93, 1-152, 1-170, 1-300, and 1-393, and the 1-428 full-length N protein were designed for crystallization. All mutants were fused with a helper molecule (HTmf-thromb), where HT is a His tag (MGHHHHH-HGSG), mf is a 120-residue mini-fibritin (mf) sequence, [14] [15] [16] and a linker with a thrombin cleavage site (GSSGSGLVPRGS) (Figure 2 ). The helper molecule, which aids trimerization, produces a high level of expression, and facilitates purification, was located at the amino termini of all mutants and could be removed after cleavage with thrombin. All fusion constructs, except 1-152, had a very high level of expression, ranging from 30 to 300 mg of purified protein from 1 l of culture media. Mutants 1-75, 1-93, and 1-170 were fully soluble, whereas 20 to 50% of the 1-300, 1-393, and 1-428 mutants were insoluble. All of these mutants were purified and subjected to thrombin cleavage. The fragments 1-300 and 1-393 precipitated during thrombin cleavage. However, the cleaved fragments 1-75, 1-93, and 1-170 were fully soluble and were separated from the helper molecule. The three purified mutants, as well as the helper molecule, were used in crystallization trials. The full-length protein was also successfully cleaved with thrombin, but it slowly aggregated and was not suitable for crystallization, much like the separately expressed protein (Said Addel-Fattah Ali Taha, personal communication). Diffraction quality crystals were obtained of the 1-75, 1-93, and HT-mfthromb fragments. Although the crystal structure of the mf had been solved earlier to 2.0 Å resolution (PDB accession code 1OX3), 16 the resultant structure verified its trimeric character subsequent to the mf, notwithstanding the various modifications.
Crystal structures of 1-75 and 1-93
The orthorhombic crystals of the 1-75 fragment contained two molecules (chain A and chain B) per crystallographic asymmetric unit. The structure was determined by selenomethionine (SeMet) multiwavelength anomalous dispersion (MAD) phasing after determining the position of one of the two Se atoms per asymmetric unit. The monoclinic crystal structure of 1-93, which also had two molecules per asymmetric unit, was subsequently determined by molecular replacement. Both structures contained the same non-crystallographic dimer. The structure of the 1-75 monomer consists of a helix-turn-helix motif, in which two α-helices, linked by 35-DPD-37, form an antiparallel coiled coil ( Figure 3) . Most of the residues in the α-helix a and d positions that form much of the helix-to-helix contact region are hydrophobic ( Figure 4 ). However, His17 and Arg50 at d positions have adopted conformations where the hydrophobic part of their side-chains is involved in hydrophobic contacts.
In addition to hydrophobic interactions, the coiledcoil structure is stabilized by ionic bridges between residues Glu15 and Lys62, Arg22 and Glu55, and Glu29 and Arg48 (the last one is not observed in chain A, fragment 1-75). All these residues are in e positions and all interactions are located on one side of the coiled coil ( Figure 3 ). The geometry of the coiled coil is not ideal; the coiled-coil axis calculated as a median line between two axes of the α-helices is not a straight line (Figure 3) , and the angle between two ends of the axis is about 17°. The radius of the coiled coil gradually decreases towards the turn from 5.0 Å to 4.4 Å, and the pitch decreases from 120 to 75 residues per super-helical turn.
There are two non-crystallographic 2-fold axes almost parallel to the crystal 2-fold screw axis along the crystal b direction. There are two types of dimers associated with these non-crystallographic 2-fold axes, creating "type I" and "type II" dimers. The monomer-to-monomer contact area in dimer I is about 7% and in dimer II about 10% of the area of an isolated monomer. Although the contact area for the type I dimer is smaller, the interactions stabilizing it include four pairs of ionic bridges: Lys24 to Asp35 and Asp37, Arg47 to Asp37 (two bonds). In the type II dimer, the interactions include ionic bridges between Glu55 and Lys41, Glu33 and Lys26 (only on one side of the non-crystallographic axis) and hydrogen bonds between Lys41 and Ser52. Dimers I and II form an infinite band of head-to-head packed molecules that lie in a plane roughly perpendicular to the crystal b direction.
Although the 1-93 fragment is 18 amino acid residues longer than the 1-75 fragment, the crystal structure did not show any additional residues. Well washed crystals on SDS-PAGE showed some limited proteolysis, indicating the presence of a shorter, about 75 amino acid residue long, fragment. About 80% of the material was still the whole 1-93 fragment. Thus, the additional 18 amino acid residues from 76 to 93 were disordered and prone to proteolysis. Possibly these residues would be well ordered if the rest of the molecule were present. The rms deviation between equivalent C α positions when superimposing the different polypeptide chains of 1-75 and 1-93 are all less than 1.0 Å. These small differences can be attributed to residues involved in crystal packing. In the 1-93 crystals, there are type I dimers, but not type II dimers, again demonstrating that the type I dimer is somewhat more stable. Thus, there are no multimeric infinite bands in the 1-93 crystal form. The type I dimers in the two crystal structures can be superimposed with an rms difference of 1.1 Å between equivalent C α atoms. The crystal structure of the HT-mf-thromb helper protein determined to 1.3 Å resolution was found to have an rms difference between equivalent C α atoms of the mf component of 0.6 Å with respect to the previously reported structure 16 determined to 2.0 Å resolution. Furthermore, the protein forms a trimer as expected. Thus, this helper protein structure confirmed the correct folding of the mf component and its trimerization activity.
Discussion
The structures of the slightly different SNV N protein truncations 1-75 (crystals were grown at pH 5.4) and 1-93 (crystals were grown at 7.5) were essentially identical. The polypeptide consists of two α-helices (residues 1 to 34 and 38 to 75), which form an antiparallel coiled coil with linker residues being 35-DPD-37 ( Figure 3 ). There is no evidence that these proteins have a trimeric association in the crystal structures. Dynamic light scattering shows that the average molecular diameter is 37.9 Å for the fusion proteins and 31.5 Å for the isolated helper protein (M r of the trimer would be about 40 kDa). Since the helper molecule is a trimer, the molecular mass of a trimeric fusion molecule would be 40(37.9/31.5)3 or 70 kDa, as compared to the calculated value of 66 kDa for a trimer. This implies that the fusion proteins are also trimers. However, in the crystal structures, the isolated N protein fragments are found to be monomers or possibly dimers that are not associated by the anticipated coiled-coil structure. On the other hand, dynamic light scattering shows that the average molecular diameter of the isolated N protein fragments is about 57.6 Å, which suggests the formation of large aggregates, apparently inconsistent with earlier observations. 5 This inconsistency might be because of additional Nterminal residues or differences in buffer concentrations in the present results.
It is difficult to understand why the isolated proteins form aggregates, whereas the fusion proteins exist as trimers. There are two possible rationalizations of the above results ( Figure 5 ). Possibly the fusion proteins are essentially trimeric coiled coils linked to the fibritin trimerization domain. In that case, the N protein fragments dissociate after thrombin cleavage, making individual molecules with antiparallel structures. Therefore, it is these antiparallel structures that make the large aggregates that would form after cleavage. Alternatively, the monomers within the trimeric fusion proteins are associated only in the fibritin section of the polypeptide, and the N protein section is already folded into an antiparallel coiled coil. However, in this case, it is more difficult to rationalize why the fusion protein trimers do not themselves aggregate. Possibly the amino-terminal region of the full-length N protein forms a trimeric parallel coiled coil, as suggested by the first hypothesis above, whereas the carboxy-terminal region of the molecule initiates trimerization.
Type I dimer formation found in crystal structures of the 1-75 and 1-93 fragments indicates stability of the dimer, since these two constructs were crystallized at two different pH ranges, acidic and neutral. It is possibly the dimer that was observed in the chemically synthesized peptide 3-75 by Alfadhli et al. 5 In the 1-75 crystal structure determined at acidic pH, which mimics the N protein environment, type I and type II dimers form an infinite band of head-to-head packed proteins. This might be a biologically relevant structure that would allow the full-length N protein to be packed into planar 
Materials and Methods
Cloning, protein expression and purification, crystallization, and particle size determination
The gene encoding HT-mf-thromb helper protein was recloned from the plasmid pHisMf 15 into pET23d(+) (Novagen) using restriction sites NcoI and BamHI. The new plasmid (pET23-HisMf) has multiple cloning sites just after the HT-mf-thromb gene.
The plasmid encoding the full-length N of Sin Nombre virus, strain CC107, was a gift from Dr Coleen B. Jonsson (Southern Research Institute, Drug Discovery and Homeland Security Division, and Department of Biochemistry and Molecular Biology, University of Alabama, Birmingham, AL). The genes encoding the various N protein constructs ( Figure 1) were PCR amplified and cloned into the pET23-HisMf vector using restriction sites BamHI and SalI. The DNA inserts were verified by Sanger dideoxy DNA sequencing.
The recombinant proteins were expressed at 37°C in the Escherichia coli BL21 (DE3) host strain (Novagen) after IPTG induction (final concentration 1 mM). The SeMet mutant of 1-75 was expressed in modified M9 medium in the presence of SeMet using the B834 (DE3) strain of E. coli. Purification of the fusion proteins by immobilized metal affinity chromatography on a HisTrap™ HP column (Amersham Biosciences) and separation of the N protein fragments after thrombin cleavage were carried out as described in the manufacturer's instructions. Before thrombin cleavage, the fusion proteins were additionally purified on an anion exchange HiTrap™ Q HP column (Amersham Biosciences). Thrombin cleavage was performed at 20°C for 16 h with thrombin (Novagen).
The The particle size of constructs was measured by a lightscattering method using photon correlation spectroscopy with the instrument Zetasizer 3000 (Malvern Instruments, Malvern, UK).
Structure solution and refinement
An SeMet crystal was used for a three-wavelength, multiwavelength anomalous dispersion data collection (Table 1) procedure. 18 The programs DENZO and SCALEPACK were used to index and integrate the diffraction data sets. 17 The program SOLVE 19 showed that there was only one Se atom per crystallographic asymmetric unit. This site was later found to correspond to Met1 of one chain, whereas Met1 of the other chain was in a disordered part of the structure. Phases were computed to 1.33 Å resolution by the program SOLVE based on the single Se atom per 156 residues. The phases were then improved by solvent flattening, and an atomic model (about 70% of all residues of both chains) was built with the program RESOLVE. 20 The remaining ordered residues were built manually using the program XtalView 21 after applying density averaging based on the non-crystallographic symmetry. The initial crystallographic refinement of the atomic model was accomplished with the program CNS 22 by using the data collected to 1.15 Å resolution from a native crystal. The program Refmac5 23 was used for the final refinement using geometrical restraints ( Table 1 ). The ordered solvent structure contained 245 water molecules. Anisotropic temperature factors were used in the final stages of refinement. The number of observations exceeded the number of refinable parameters by about a factor of 5 in the final refinement.
The structures of 1-93 and the helper protein were solved by molecular replacement using the AmoRe program from the CCP4 suite. 23, 24 Chain A of the 1-75 fragment was used as a search model to find each of the two chains in the 1-93 crystal structure. The structure refinement was performed as described above. Isotropic temperature factors were used in the refinement of the 1-93 fragment. Anisotropic temperature factors for protein atoms and isotropic temperature factors for water molecules were used in the final stages of the refinement of the helper molecule.
Figure preparation
The following programs were used in Figure prepara 
Protein Data Bank accession codes
The refined atomic models and the observed structure factors have been deposited with the RCSB Protein Data Bank , and are available under accession numbers 2IBL, 2IC6, and 2IC9.
